Horizontal coordinate information is referenced to the North American Datum of 1927 (NAD 27).
Altitude, as used in this report, refers to distance above the vertical datum.
*Transmissivity: The standard unit for transmissivity is cubic foot per day per square foot times foot of aquifer thickness: [(ft 3 /d)/ft 2 ]ft. In this report, the mathematically reduced form, foot squared per day (ft 2 /d), is used for convenience.
**Conductance per unit length: The standard unit for conductance per unit length is square foot per day divided by length of surface-water feature, in feet: (ft 2 /d)/ft. In this report, the mathematically reduced form, foot per day (ft/d), is used for convenience.
Introduction
According to the "Law of the River," users within the lower Colorado River Basin states can divert water from the Colorado River only with a recognized entitlement. The Consolidated Decree of the United States Supreme Court in Arizona v. California, 547 U. S.150 (2006) , requires the Secretary of the Interior, through the Bureau of Reclamation (Reclamation), to account for diversions and consumptive uses of Colorado River water and recognizes that diversion of water from the Colorado River can occur by both surface and underground pumping. The "river aquifer" is defined as the saturated groundwater system hydraulically connected to the Colorado River, including the flood-plain sediments, older alluvial sediments, and sediments in connected adjacent valleys (Wilson and Owen-Joyce, 1994) . Groundwater in the river aquifer beneath the flood plain is considered to be Colorado River water, and water pumped from wells on the flood plain is presumed to be river water and is accounted for as Colorado River water. A method was developed by the U.S. Geological Survey (USGS) in cooperation with Reclamation to identify wells in the river aquifer outside of the flood plain of the lower Colorado River that yield water that will be replaced by water from the river (Wilson and Owen-Joyce, 1994; Owen-Joyce and others, 2000) . This method was needed to identify which wells require an entitlement for diversion of water from the Colorado River and need to be included in accounting for consumptive use of Colorado River water as outlined in the Consolidated Decree. Wiele and others (2008) updated the method on the basis of conditions in [2007] [2008] .
The mainstream of the Colorado River includes the main channel and the reservoirs behind the dams. Mainstream water is defined as water drawn or diverted from the main channel, including reservoirs, wetlands, lakes, ponds, backwaters, and water pumped from wells within the boundary of the flood plain portion of the river aquifer. Flow in the river is controlled by dams and no longer naturally floods over the flood plain; however, the flood plain is artificially recharged by river water diverted at Headgate Rock and Palo Verde Dams that is applied to agricultural fields. In Parker and Palo Verde Valleys, essentially all water applied to irrigate agricultural fields on the flood plain is diverted from the river. Drainage ditches are another major surface-water feature connected to the aquifer. In this report, drainage ditches are referred to as "drains." Most of the irrigated areas along the lower Colorado River include one or more networks of drains that are incised into the water table for the purpose of removal of excess water applied for irrigation of crops. In addition to excess water from applied irrigation of river water, drains may include a minor amount of tributary water (water from precipitation and inflow from tributary valleys along the edges of the flood plain). Also, a portion of the water in some drains may be from direct seepage from the Colorado River, particularly where the level of a drain adjacent to the river is below the average stage of the river. Water captured in the drainage network returns to the Colorado River and is measured at streamflow-gaging stations. In areas where Reclamation uses that measured return flow to calculate consumptive use, it is accounted for in Decree accounting. Unused water from irrigation that flows in the subsurface to the river is considered unmeasured return flow and is estimated by Reclamation by applying a factor to the diversion to include in Decree accounting. Previous studies have shown that unmeasured groundwater return flow occurs in the area between the river and the nearest drainage ditch (Leake, 1984; Owen-Joyce, 1984) . Water pumped from wells that intercept unmeasured return flow needs to be included in Decree accounting.
Water in the lower Colorado River is allocated between the States of Arizona, California, and Nevada on the basis of consumptive use, which is computed as diversions minus return flow. Diversions of water from the river can occur from direct use of surface water as well as from "underground pumping." Consumptive use of water pumped by wells that deplete flow only in drains is accounted for by the reduction in return flow caused by depletion. Some wells, however, may deplete flow only in the river, and others may deplete flow in the river and in drains. For wells that increase consumptive use by decreasing measured return flow in drains, also charging the pumping rate as a diversion would result in double accounting of consumptive use by the wells. In July 2008, Reclamation published a Federal register notice (Bureau of Reclamation, 2008) to create a rule to use the accounting-surface method to identify wells that need to be included in Decree accounting. Public comments indicated that water users along the lower Colorado River expressed interest in Federal water managers considering the possibility of double accounting of water use by wells on the flood plain. To further understand the possibility of double accounting of water use by pumping wells, Reclamation let a contract to determine the impact of wells on the flood plain on unmeasured return flow to the Colorado River in an area with drains. Reclamation also subsequently set up a hydrology group to explore methods of assessing where double accounting might occur along the Colorado River.
Group members include Reclamation and USGS staff. The initial study verified that the concern for double accounting was valid (Zhu and others, 2012) 
Purpose and Scope
The purpose of this study is to compute relative ultimate depletion of surface-water features, including the Colorado River and drains. Depletion of water in canals and depletion or reduction in evapotranspiration by plants by groundwater pumping may be possible in some areas, but these effects of pumping are not quantified in this study. The area of interest is the river aquifer adjacent to the reach of the Colorado River that includes Parker, Palo Verde, and Cibola Valleys, and adjacent areas in California and Arizona as shown in figure 1 . The scope of the report is to present an analysis of relative effects of pumping wells on surface water in the Colorado River and drains in the Parker, Palo Verde, and Cibola Valleys and adjacent parts of the river aquifer in California and Arizona. The effect considered is "ultimate" or "steady-state" depletion of surface water, when change in aquifer storage is no longer a significant source of pumped water. This report describes a method and application of that method to estimate the fraction of well pumping that represents ultimate depletion of the Colorado River in the study area ( fig. 1 ). Metzger and others (1973) presented results of an investigation of the hydrogeology of the study area. Their report remains as the primary source of information related to the groundwater in the study area. Tucci (1982) constructed a two-layer groundwater model of the Parker Valley for the U.S. Geological Survey Southwest Alluvial Basins Regional Aquifer-System Analysis project. Leake (1984) and OwenJoyce (1984) estimated unmeasured groundwater return flow to the Colorado River from applied irrigation in the Parker and Palo Verde-Cibola areas, respectively. Leake and others (2008) constructed a one-layer superposition groundwater model of the entire study area to estimate transient depletion of the Colorado River at a pumping time of 100 years for hypothetical pumping locations.
Previous Investigations
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Method
When a well begins to pump, initially all water comes from storage in the aquifer. With time, drawdown from the well extends to areas of connected surface water and evapotranspiration areas and decreases outflow from the aquifer or increases inflow to the aquifer. The combination of all decreased outflow and increased inflow caused by pumping groundwater is called "capture" (Barlow and Leake, 2012, fig. 44 ). Pumping-induced reduced outflow to and increased inflow from streams and rivers is referred to as "streamflow depletion." In this report, the effects of decreased outflow to the river and drains and increased inflow from the river caused by groundwater pumping are referred to simply as "depletion." With continued pumping, depletion will become a more important source of water to the pumping well. If a well pumps for long enough, a new steady-state condition will be reached in which all of the water being pumped will be from depletion. "Ultimate depletion" is the term used in this report to describe depletion of surface water in the river and drains when aquifer storage no longer is a source of pumped water. For details on the timing of depletion by pumping wells, see Barlow and Leake (2012) .
Ultimate depletion of surface-water features in the area could be computed with a steady-state groundwater flow model of the river aquifer. Such a model, however, does not exist and it is beyond the scope of this study to create a calibrated groundwater flow model. The approach taken instead was to create a relatively simple steady-state superposition groundwater model of the area, using MODFLOW-2005 (Harbaugh, 2005 , referred to as "MODFLOW" in this report.
A superposition model uses an initial flat water surface with head set to zero in the aquifer and in connected surface-water features and with recharge set to zero. With the addition of a stress such as a pumping well, changes in groundwater flow in the aquifer and from surface-water boundaries are simulated directly. With a steady-state superposition model, ultimate depletion of individual surface-water features from groundwater pumping at any real or hypothetical well location can be computed. Reilly and others (1987) presented methods of applying the principle of superposition in groundwater models. They indicated that a constraint on use of the superposition approach is that the system responds linearly to imposed stress such as pumping groundwater. In the study area, response to pumping is likely to be linear because pumping from the river aquifer is not likely to cause large changes in saturated thickness and transmissivity, nor will it cause surface-water features to dry up or become disconnected from the aquifer. Another advantage of linear response is that depletion can be expressed as a fraction of the pumping rate for any given well location. That fraction can be used to compute the actual depletion for any actual pumping rate within the range of linear response. For example, if the ultimate depletion fraction for the Colorado River for a particular pumping location were 0.4, then ultimate depletion of the river at a pumping rate of 10 gal/min would be 4 gal/min and at a pumping rate of 200 gal/min would be 80 gal/min. For a transient analysis of possible depletion of the Colorado River in this area, Leake and others (2008) used a transient superposition model. Other examples of use of superposition models to compute depletion from groundwater pumping include Leake and others (2005) and Halford and Plume (2011) . For additional discussions on superposition models, see Leake (2011) and Barlow and Leake (2012, p. 65) .
One consideration in using the superposition-modeling approach to evaluate effects of groundwater pumping on the Colorado River is that results are limited to determination of net effects of pumping on surface-water flow. A superposition model cannot be used to determine whether the effect is to reduce agricultural return flow to the river, reduce natural tributary groundwater discharge to the river, or induce inflow of surface water from the river to the aquifer. In most of the study area, however, groundwater from applied irrigation discharges to the river (Leake, 1984; Owen-Joyce, 1984) and tributary inflow from natural groundwater recharge is a small component of the water budget. Furthermore, nearly all tributary groundwater inflow would discharge to drains in Parker and Palo Verde Valleys, rather than to the river. In applying the superpositionmodeling approach in the study area, a reasonable assumption is that effects of groundwater pumping on the river represent a reduction of agricultural return flow to the river in areas adjacent to irrigated land. In areas not adjacent to irrigated land, computed depletion can be assumed to represent either induced infiltration from the river, or reduction in the down-valley groundwater flow that would naturally discharge to the river at the lower end of the study area.
Superposition Model of the ParkerPalo Verde-Cibola Area
The superposition model consists of a flat-lying grid of finite-difference cells that spans nearly all of the river aquifer as defined by Wilson and Owen-Joyce (1994) . The northern and southern extents of the model grid are shown on figure 2. Western and eastern extents of the grid are also the western and eastern limits of the river aquifer shown on figure 1. A similar horizontal domain was used by Leake and others (2008) for a transient superposition model that was used to estimate timing of depletion of the Colorado River as a function of pumping location. General characteristics of the steady-state superposition model developed for this study are as follows:
1.
Internal head-dependent flow boundaries represented include the Colorado River and drains (figs. 2, 3). The Colorado River and segments of drains below the lowermost streamflow-gaging station were represented with the MODFLOW River Package (Harbaugh, 2005) . Segments of drains above the lowermost streamflow-gaging station were represented with the MODFLOW General-Head Boundary Package (Harbaugh, 2005) . The drains represented are shown on figures 1 and 2. The ungaged drains in Cibola Valley were not included in the model. The model did not include head-dependent flow boundaries for areas where groundwater is used by phreatophytes (deep-rooted plants that obtain water from a permanent groundwater-supply).
2.
The lateral edges of the river aquifer (figs. 1, 2) and the base of the aquifer were represented as no-flow boundaries.
3.
For any given simulation, a single well was represented as a specified-flow boundary using the MODFLOW Well Package (Harbaugh, 2005) . Because the system responds linearly to pumping stress, any pumping rate can be used to determine ultimate depletion of the river and drains. For this study, a pumping rate of 10,000 ft 3 /d was used and simulated values of depletion of the river and drains were divided by that rate to get depletion as a fraction of pumping rate.
4.
Initial head at every active model cell and boundary head for the River Package and General-Head Boundary Package were set at zero feet above datum.
5.
The product of aquifer thickness and horizontal hydraulic conductivity is transmissivity, an important parameter in models of aquifers dominated by horizontal flow. With the model setup used, results will be nearly the same for different combinations of horizontal hydraulic conductivity and aquifer thickness that result in the same transmissivity. For the superposition model of the study area, an overall uniform transmissivity of 26,200 ft 2 /d was used. That value corresponds to a probability of 0.5 on the lognormal distribution function for transmissivity from aquifer tests along a portion of the lower Colorado River that includes the study area ( fig. 4 ; Leake and others, 2008) . To get the desired transmissivity, total aquifer thickness was set at 400 ft and horizontal hydraulic conductivity was set to 65.5 ft/d (fig. 3) . Vertical hydraulic conductivity was assumed to be 0.1 of the horizontal hydraulic conductivity, or 6.55 ft/d. That value results in a ratio of vertical to horizontal hydraulic conductivity, K v /K h , of 0.1, which is within reason for alluvial aquifers that include coarse sediments with some discontinuous fine-grained interbeds.
6.
Bed conductance per foot length of surface-water feature was set to 200 ft/d for the Colorado River and 20 ft/d for drains. Actual values of this parameter are unknown and are grid-size dependent in a finitedifference model. Values were selected to represent both the river and drains as not having any bed sediments that restrict movement of water between the river or drains and the underlying aquifer. Drains must be well-connected to the underlying aquifer to function properly in removing excess water and keeping the water table below the root zones of crops. The difference in bed conductance per foot length between drains and the river reflect the fact that the Colorado River is much wider than the drains. Within model cells that contain a drain or the river, the length of the drain or river within the cell is multiplied by the bed conductance per foot length to get the total bed conductance for that cell. 
7.
The model grid includes 309 rows, 339 columns, and 3 layers of finite-difference cells. Rows are oriented in an east-west direction, and columns are oriented in a north-south direction. The grid spacing along columns is a uniform 1,320 ft. Each row of grid cells, therefore, has a width of 1,320 ft in the north-south direction. Grid spacing along rows is variable, with a band of uniform spacing of 660 ft encompassing the Colorado River and drains ( fig. 2) . To the west of that band in California and to the east in Arizona, cells become increasingly wider, with maximum widths of 19,235 ft and 13,077 ft on the western and eastern sides of the model, respectively. The variable spacing allowed for more detail in the area of river and drains, and less detail in adjacent side valleys that are part of the river aquifer.
8.
Three model layers with thicknesses of 40, 120, and 240 ft were used to simulate the upper, middle, and lower parts of the system, respectively ( fig. 3) . Use of multiple model layers allowed evaluation of effects of depth of pumping on relative depletion of the Colorado River and drains.
9.
The MODFLOW Layer-Property Flow Package (Harbaugh, 2005) was used to specify input data and set up the finite-difference equations to be solved in MODFLOW. In that package, layer type for all three model layers was specified as "confined," resulting in use of transmissivity that does not change from pumping the added well. In actuality, a pumping well creates a cone of depression in the water table that reduces transmissivity; however, in a highly transmissive aquifer with connected surface water at the surface, drawdown of the water table usually is minimal and transmissivity can be assumed to be constant in analyses of effects of groundwater pumping.
Layer 1
Not to scale To understand sources of water to wells at any location in the study area, the model was run repeatedly, with each run having a well in a different location (model cell). For each model run, information saved included model layer, row, and column of the pumped well; Universal Transverse Mercator Zone 11 coordinates of the pumped well; fraction of the pumping rate that is depletion of the river and drain segments below the lowermost streamflow-gaging station; and simulation mass-balance error, expressed in cubic feet per day. If model mass-balance error is small, depletion fractions for the drains above the lowermost streamflow-gaging station can be computed as 1.0 minus the depletion value saved for the river and drain segments below the lowermost streamflow-gaging station.
Results
Using an automated program, sequential model runs were made to simulate the effects of pumping a well in each cell in layer 1 and in each cell in layer 3, for a total of 93,098 model runs. In making model runs to compute depletion of surface-water features, it is important that the magnitude of the overall mass-balance error of the model is much smaller than the pumping rate of the added well (Leake and others, 2010) . If the model mass-balance error is large, then depletion cannot be calculated with confidence. The average and maximum absolute mass-balance errors for 46,549 model runs in which cells in layer 1 were pumped were 0.39 and 2.29 ft 3 /d, respectively. The fact that those numbers are small relative to the pumping rate of 10,000 ft 3 /d means that mass-balance error has not significantly affected the calculation of depletion of the river and that depletion of drains can be computed as 1.0 minus the computed depletion of the river. Results for pumping in layer 1 in terms of the fraction of the pumping rate that is depletion of the Colorado River are shown in figures 5A and 5B for portions of the northern and southern parts of the study area, respectively. Some general results are as follows:
1.
In areas between a drain and the river, the source of pumped water ranges from nearly all from the river at the location of the river, to nearly none from the river at the location of the closest drain to the river. The 0.5 fraction, where half of the water comes from depletion of the river and half comes from depletion of drains, is near the midpoint of the interval between the river and drains.
2.
In areas without drains, such as west of the river in Parker Valley ( fig. 5A) , east of the river in Palo Verde Valley, and in and around Cibola Valley ( fig. 5B ), nearly all depletion is from the river.
3.
In areas in which drains exist between the pumped location and the river, nearly all pumped water is from depletion of drains ( fig. 5 ). Results for pumping in layer 3 are nearly identical to results for pumping in layer 1 for most of the study area. For about 99 percent of the lateral pumping locations simulated, the absolute difference in depletion fraction from pumping in layer 1 versus pumping in layer 3 is less than 0.05. The other 1 percent of pumping locations is along the Colorado River and along drain segments closest to the river. The following section includes further discussion of pumping in layer 1 versus layer 3 for a specific location. Digital files with depletion fractions for pumping in layers 1 and 3 are available in the groundwatermodel archive for this study, as described in a later section.
Ignoring groundwater evapotranspiration by phreatophytes means that some depletion of evapotranspiration will instead be attributed to depletion of the river or drains in the model. In highly transmissive aquifers with surface-water features and adjacent narrow bands of phreatophytes, nearly all depletion will be from the surface-water feature. Aquifer head in these phreatophyte areas is held at or near the level of the adjacent surface water, which limits drawdown and depletion of evapotranspiration. Significant depletion of evapotranspiration is most likely to occur when pumping is within or adjacent to larger areas of dense phreatophytes. In the model of the study area, effects of ignoring depletion of evapotranspiration are most likely to be significant only in the lower end of Cibola Valley. The model results in that area show that nearly the entire source of pumped water is depletion of the Colorado River. In reality, some fraction of the pumped water may come from depletion of evapotranspiration. Additional work would be required to quantify depletion of evapotranspiration as a source of water to pumped wells.
Sensitivity Analysis
To understand the effects of certain model parameters on computed depletion of the Colorado River, a limited sensitivity analysis was carried out for model cells along section A-A' Published transmissivity value with computed probability that transmissivity is less than or equal to value 0 20,000 40,000 60,000 80,000 100,000 120,000 140,000 160,000
Transmissivity, in feet squared per day (ft 2 /day) Probability of transmissivity being ≤ indicated value shown on figure 5B. Simulations using properties specified in the section "Superposition Model of the Parker-Palo VerdeCibola Area" with pumping in layer 1 are considered the base case, and simulations with different properties show how results vary from the results of the base case. Properties and conditions tested include (1) pumping in layer 1 versus layer 3, (2) lower and higher transmissivity, (3) lower ratio of vertical to horizontal hydraulic conductivity anistrophy, and (4) higher values of river and drain conductance. For evaluation of effects of transmissivity on computed depletion fractions, "low" and "high" transmissivity values were selected using probabilities of 0.05 and 0.95, respectively, on the log-normal distribution for transmissivity (fig. 4) . Using those probabilities, the low transmissivity is 6,300 ft 2 /d, and the high transmissivity is 109,500 ft 2 /d. Results along section A-A' for pumping in layer 1 using the base-case, low, and high transmissivity values are shown in figure 6A . The point of 0.5 depletion with a high transmissivity is about 894 ft west (towards the drains) of that point for the base case. The point of 0.5 depletion with a low transmissivity is about 263 ft east (towards the river) of that point for the base case. The depletion fraction at the location of the river is nearly the same for all three transmissivity values tested, but at the location of the drains, higher and lower transmissivity results in more and less river depletion, respectively. In general, higher transmissivity allows drawdown to propagate further to deplete more water in the network of drains. That effect is less pronounced for pumping locations near the river, where nearly all pumped water is supplied by depletion of the river, regardless of the magnitude of transmissivity.
Differences in depletion fractions from pumping in layer 1 and layer 3 using a transmissivity of 26,200 ft 2 /d and a ratio of vertical to horizontal hydraulic conductivity of 0.1 can be seen by comparing the thick blue curve and the red curve in figure 6B . The curves are nearly identical except at the locations of the river and drains. Using a lower ratio of vertical to horizontal hydraulic conductivity, the point along section A-A' at which half of pumped water comes from river depletion is nearly the same for pumping in layers 1 and 3; however, use of the lower ratio with pumping in layer 3 tends to increase the depletion of the river at pumping locations near the drains and increase depletion of drains at pumping locations near the river.
In the base-case simulations, conductance per foot length of surface-water feature was set to 200 ft/d for the Colorado River and 20 ft/d for drains, resulting in a ratio of 10:1 for river conductance to drain conductance. In one sensitivity analysis, the conductance per foot length of the Colorado River was increased to 1,600 ft/d and the conductance per foot length of drains was held at 20 ft/d, resulting in a ratio of 80:1 for river conductance to drain conductance. Computed river depletion for pumping locations along section A-A' were nearly identical to values computed in the base case with a 10:1 ratio ( fig. 6C) . The reason for this insensitivity is that the original conductance was already high enough so that the river was well connected to the aquifer. Pumping-induced drawdown in a cell with the river is near zero because there is almost no head loss across the riverbed sediments. With increased conductance, the drawdown in a cell with a river might be less by a small amount, but is still near zero. Increasing the conductance in this range, therefore, does not change simulation results by much. In another sensitivity analysis, the river conductance per foot length was set at the original value of 200 ft/d and the drain conductance per foot length was set at 160 ft/d. With those values, river depletion at the location of the drain was reduced to near zero, and the position of the line of 0.5 river depletion along section A-A' was moved 425 ft to the east ( fig. 6C ). That scenario is not considered to be reasonable, however, because river and drain conductance should differ at least by an order of magnitude because of differences in widths of these two features. It is possible that simulation results would be more sensitive to the ratio of river conductance to drain conductance if both values were in a smaller range in which more head loss occurs across bed sediments. That condition is not considered realistic for surface-water features in the study area because both the river and drains are thought to be well connected to the aquifer without the presence of extensive low-permeability bed sediments that restrict the movement of water between the aquifer and the surface-water feature.
General conclusions of the sensitivity analyses are that the position of the 0.5 depletion line can be moderately sensitive to transmissivity, but that position was not shown to be sensitive to depth of pumping and ratio of vertical to horizontal hydraulic conductivity. Depletion between the river and the drain was not sensitive to an increase in riverbed conductance. More comprehensive sensitivity analyses could be carried out by generating new sets of 0.5 depletion lines for a larger subset of pumping locations between the river and the closest drain using conditions and properties that vary from the base case.
Possible Use of Model Results in Water Accounting
The model results illustrate a number of key points that may be useful in developing strategies in accounting for the use of water in the lower Colorado River. First, if one or more drains exist between a pumping well location and the river, nearly all of the depletion will be from drains, and little or no depletion will come from the Colorado River. The effect of the pumping will be to reduce measured return flow to the river. Second, if a well pumps on a side of the river with no drains in the immediate area, depletion will come from the Colorado River. Third, if a well pumps between the river and one or more drains that parallel the river, a fraction of the pumping will come from the river and the rest will come from the drains. The relative amounts of the well pumping rate coming from the river and drains is mostly dependent on which surface-water features are closest to the pumping well. For any well, the part of the pumping rate that is depletion of figure 5B . the river can be considered a diversion of water from the river. Depletion of water in drains above the return-flow measuring point, on the other hand, reduces the return flow and thereby increases the consumptive use of water for the drained area.
Availability of Model Results
Results of model runs to estimate depletion of the Colorado River and drains are available in two ASCII files. One of the files contains results for pumping each of 46,549 active model cells in layer 1 and the other for pumping the same number of active model cells in layer 3. Each file contains the following seven data items (fields), separated by a commas:
• Field 1-layer number of model cell with pumping well The fraction of the pumping rate that is depletion of the Colorado River (field 6), ranges from about 0 to 1.0. For any model run, the fraction of the pumping rate that is depletion of drains can be computed by subtracting the value of field 6 from 1.0. Model data sets and files containing model results described here may be requested from the Arizona Water Science Center, U.S. Geological Survey, Tucson, Arizona.
Model Limitations
As discussed previously, the groundwater superposition model described in this report was designed to compute ultimate (steady-state) relative depletion of the Colorado River and agricultural drains by pumping wells within the study area ( fig. 1) . Application of the model for purposes other than evaluation of relative depletion of the river and drains by pumping wells is an inappropriate use of the model.
Summary
Water in the lower Colorado River is allocated on the basis of consumptive use, computed as diversions of water from the river minus the amount that returns to the river. In addition to direct diversions of surface water from the river, pumping by wells in the aquifer connected to the river also can be considered a diversion of water from the river. A complication in accounting for water pumped by wells occurs if the pumping depletes water in drains and reduces measured return flow in those drains. In that case, consumptive use of water pumped by the wells is accounted for in the reduction of measured return flow. A method is needed to understand where groundwater pumping will deplete water in the river and where it will deplete water in drains.
A steady-state superposition model was constructed to compute relative depletion of the Colorado River and drains for the Parker-Palo Verde-Cibola area. The model consists of 309 rows, 339 columns, and 3 layers of finite-difference cells. Surface-water features represented include the river and drains in Parker and Palo Verde Valleys. A transmissivity value of 26,200 ft 2 /d was selected on the basis of a log-normal distribution of transmissivity values from aquifer tests along a portion of the lower Colorado River. The model was run repeatedly, each run with a pumping well in a different model cell in layer 1, for a total of 46,549 model runs. That same number of model runs was repeated for pumping in model cells in layer 3. Fractions of the pumping rate that is depletion of the river for all model cell locations in layer 1 were mapped to understand where groundwater pumping depletes the river, and where it depletes drains.
The model results indicate that if one or more drains exist between a pumping well location and the river, nearly all of the depletion will be from drains, and little or no depletion will come from the Colorado River. Results also show that if a well pumps on a side of the river with no drains in the immediate area, depletion will come from the Colorado River. Finally, if a well pumps between the river and drains that parallel the river, a fraction of the pumping will come from the river and the rest will come from the drains. A key factor in which feature is depleted the most-drains or the river-is the location of the well relative to each of these features.
A sensitivity analysis for a location in Palo Verde Valley indicated that the position of the point where river depletion is 0.5 of the pumping rate is moderately sensitive to the transmissivity value used. The position of that point, however, was less sensitive to depth of pumping, the ratio of vertical to horizontal hydraulic conductivity, and conductance of surfacewater features.
